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Abstract
Upper Critical Fields of the Superconducting

Layered Compounds Nbl_xTaxSe2

Bruce Jameson Dalrymple
Yale University

1983

The superconducting upper critical field HcZ(T) has been measured

for the layered compounds Nbl_xTaxSe (0 £ x £ 0.20) with the magnetic

2
field oriented both parallel and perpendicular to the layer plane. The
goal of this study has been to wuse substitutional alloying to
investigate the affect that altering the composition has on the critical
fields in a series of anisotropic superconductors. Single crystals of

the 2H phase have been grown by the vapor-transport technique, primarily

using selenium as the transporting agent.

Just below Tc' upward curvature is seen in ch(T) for both field
directions and for all compositions. This effect is larger with the
field oriented parallel to the layer plane, and decreases with
increasing Ta content. The amount of upward curvature appears not to be
a function of the crystal quality. Since the charge-density wave
present in NbSe2 is supressed by alloying, it is also unlikely that the
charge-density wave causes upward curvature. At low temperatures,
ch(T) displays enhanced linearity compared to the prediction of the

isotropic theory, and shows no evidence of Pauli paramagnetic limiting



for the parallel field orientation.

The critical field slopes just below Tc change only slightly with
composition. The perpendicular slope decreases and the parallel slope
increases as the Ta content is increased. The critical field anisotropy
of NbSe2 is approximately three and increases with the Ta content. These
effects can be qualitatively understood by incorporating the known
changes in Tc, and by assuming small band structure and mean-free-path

effects.

ch(T) has been calculated for a series of Fermi surface models.
These calculations indicate that Fermi surface anisotropy can explain
the upward curvature and enhanced linearity seen in the experimental
data. The calculations also show that the ch(T) data are consistent
with a Fermi surface which consists of open undulating cylinders and an

additional smaller closed piece.
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Frequently Used Symbols and Abbreviations

SYMBOL MEANING

BCS Refers to the Bardeen-Cooper-
Schrieffer theory

c Speed of light

CDW Charge-density wave

e Magnitude of the electronic
charge

EF Fermi energy

fr Resonant freguency

f° Undamped resonant fregquency

fa Driven frequency

GL Refers to the Ginzburg-Landau
theory

h Planck's constant

HC(T) Critical field of a type I

superconductor or the thermodynamic
critical field of a type II

superconductor
Hcl(T) Lower critical field (type II)
HcZ(T) Upper critical field (t pe II)
chH(T) Upper critical field, H parallel to
the layer plane
chl(T) Upper critical field, H perpendicular
to the layer plane
Hc3(T) Critical fie}d.for surface
superconductivity
Hp Pauli paramagnetic limiting field
Hp“ Simple theoretical estimate for Hp
kB Boltzmann's constant
k Electron wavevector

£ Electron mean free path
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Electron mean free path
Electron mass
Free-electron mass

Electronic density of states at
the Fermi level

Resonant circuit quality factor
Residual-resistance ratio

Transition metal dichalcogenide

CDW onset temperature

CDW lockin temperature

Superconducting transition temperature
Reduced temperature

Midpoint temperature; zero-field
transition curve

Midpoint temperature; transition in
an applied field

Extrapolated high-temperature end
of a transition curve

Fermi velocity, rms average over the
Fermi surface

Electron velocity at a point on the
Fermi surface

Width of the superconducting transition

Coefficient of the low-temperature
electronic heat capacity

Normal-state electromagnetic penetration
depth

Zero-temperature energy gap
Strong-coupling correction factor
Debye temperature

Ginzburg-Landau parameter
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hep(T)

£(T)

ix
Superconducting magnetic field
penetration depth
Electron-phonon coupling parameter
Value of xep(T) at low temperature

Normalized electron scattering rate,
potential scattering

Normalized electron scattering rate,
spin-orbit scattering

Ginzburg-Landau coherence length

BCS coherence length

Resistivity

Conductivity

Electron lifetime

Magnetic flux quantum

Gor'kov function, susceptibility (Chapter 4)

Ginzburg-Landau wavefunction



1. Introduction

This thesis describes a study of the upper critical field ch(T) of

the superconducting metallic compounds Nbl_xTaxSe (0 € x < 0.20).

2
These compounds belong to the chemical family of transition metal
dichalcogenides (TMDC). These materials adopt a layered crystal
structure similar to that of graphite. Thus, they can be expected to
exhibit very anisotropic physical properties. NbSe2 has been very

extensively studied, both in this work and in previous studies, and

therefore provides a convenient reference point.

The upper critical field ch(T) of very anisotropic superconductors
exhibits certain characteristic features not normally found in
isotropic, or nearly isotropic, systems. Specifically, positive
(upward) curvature is frequently seen just below Tc and extended
linearity at low temperatures has also been observed. This study was
undertaken to investigate the effect that substitutional alloying of Ta
into NbSe2 has on the temperature dependence and the magnitude of the
upper critical field. Such alloying should allow systematic control of
the electron mean free path g, ideally going from the clean limit (g >>
£y) to the dirty limit (g << Z,). Here , is the BCS coherence length, a
fundamental, material-specific length scale characterizing the
superconducting state. BAlloying will also affect the band structure of

these materials.

Chapter II contains an introduction to the crystal structure and

physical properties of the TMDC's generally and NbSe, specifically. The

2

band structure is emphasized, since the electronic properties,

especiaily the Fermi surface topology, are very important for

1



2
determining ch(r). Because of the quasi-two-dimensional nature of the
band structure, NbSez, like most TMDC's, has an electronic charge-
density wave at low temperatures. The charge-density wave found in
quasi-two dimensional materials is a manifestation of the same physical
phenomenon as the Peirels instability found in in one-dimensional
metallic systems. s Charge density waves are discussed here since the

perturbation that the they impose on the band structure directly affects

the superconducting properties.

The purpose of this study has been to investigate the effects of the

introduction of impurities into the NbSe, crystal lattice. It is clear

2
that high quality crystals are required for such a study. Of egqual
importance is the fact that high quality single crystals are generally
required for critical field studies in very anisotropic systems. For
these reasons, considerable attention has been paid to the crystal
growth process. While much basic information is availabie in the
literature concerning the growth of TMDC crystals, a number of details

had to be worked out for the Nbl_xTaxSe system. The crystal growth

2
work is described in Chapter III.

Chapter IV describes the experimental techniques used to measure the
superconducting properties. Most of the instrumentation used to produce
and measure the required magnetic fields and low temperatures is of
fairly standard design. However, the circuitry used to detect the
superconducting-to-normal phase transition has to be usually sensitive.
This is because the better quality crystals of Nbl_x'l'axSe2 we have

produced are rather small, with diameters of only a few hundred

micrometers (microns). The apparatus designed to measure these samples



is described in detail.

Chapter V reviews the theory of HcZ(T) as a prelude to the
discussion of our measured critical field properties in Chapter VI. &
completely general theory has yet to be worked out, even within the
constraints of the BCS model. However, a number of important specific
models have been solved, and it is usually possible to sensibly compare

experimental results to the predictions of these models.

Chapter VI is the central chapter of this thesis. The measured

superconducting properties of the Nbl_xTaXSe crystals are reported

2
here, as is an analysis of this data. While the critical field
properties have been measured accurately, only a semi-quantitative

analysis is possible due to the complex nature of these materials and

the lack of values for certain "normal-state" parameters.

It will be argued that Fermi surface geometry is a primary factor in
determining the form of HcZ(T)' so it is of some interest to determine
what type of Fermi surface characteristics are of importance. Chapter
VII is concerned with computer modeling which has been done using
various Fermi surface models to calculate ch(T) in anisotropic systems.
Such calculations are also of interest as they allow various proposed

band structures for NbSe2 to be critically assessed.

Finally, the thesis will conclude with a summary of the major

conclusions reached. We will also present suggestions for further work.



Il. The Transition Metal Dichalcogenides

The physical and electronic properties of the TMDC's are dominated
by anisotropy effects which are caused by the particular type of crystal
structure and chemical bonding these materials adopt. This crystal
structure and the resulting electronic band structure are described in
this chapter. The band structure is important here because the Fermi-
surface topology is very important for~detefmining the upper critical

field ch(T).

This chapter also includes a discussion of charge-density waves
(CDW), a low-temperature lattice distortion common in materials of lower
dimensionality. It is important to include such a discussion since
CDW's influence the superconducting properties of the Nbl_xTaxSe2

compounds via their effect on the band structure.

II.1 Crystal Structure and Bonding

Many transition metals react with the chalcogens (sulfur, selenium,
and tellurium) to form compounds with a layered crystal structure
similar to that of graphite, and having the general formula MXZ M =
metal, X = chalcogen).?1,2,3 The most extensively studied TMDC's are the
disulfides and diselenides of group IVB (Ti, Zr, Hf), group VB (V, Nb,
Ta), and group VIB (Mo, W). Other stoichiometries are also possible in
these systems; e.g., the triselenides NbSe3 and Ta5e3, which form thin
needle-like crystals, are interesting quasi-one-dimensional materials in

their own right.4,S



5

The basic crystal structure of the dichalcogenides is shown
schematically in Figure 2-1. These materials are composed of three-
atom-thick, covalently-bonded layers with only weak van der Waals-type
interlayer bonding. Each individual layer is made up of three
hexagonally-close-packed (hcp) planes; a metal plane is sandwiched
between the 2 chalcogen planes. There are two distinct ways of stacking
these three hcp planes, and thus two kinds of layers can exist. Atoms
in the top plane can either be directly above the atoms in the bottom
plane (an AbA sequence), or they can be directly above holes in the
bottom layer (an AbC sequence). An AbA sequence leads to trigonal-
prismatic coordination of the metal atoms by the six nearest chalcogen

atoms, while an AbC seguence leads to octahedral coordination.

A large number of different crystal structures, or polytypes, can be
constructed by arranging the two different types of layers in different
stacking sequences. Structures with unit cell repeat distances 1, 2, 3,
4, and 6 layers thick have been reported.!,2 A nomenclature has been
developed to describe these structures. It consists of a number denoting
the number of layers in a unit cell, followed by a capital letter
indicating the symmetry of the unit cell. The letters H (hexagonal), T
(trigonal), and R (rhombohedral) are used. However, all the crystal
structures can be considered to be hexagonal,® and unit cell parameters
are universally reported as the usual hexagonal lattice parameters a and
c. If necessary to avoid ambiguity, a lower case letter is added in

parentheses to complete the specification.



1I1.1.1 Phase Diagram

The particular crystal structure adopted by a compound depends upon
both composition and temperature. However, there is a basic pattern
common to the phase diagrams of most TMDC's. The structure stable at
the highest temperatures is the 1T, consisting entirely of octahedral
layers, while the polytype stable at low temperatures consists entirely
of trigonal-prismatic layers, usually a 2H structure. At intermediate
temperatures a variety of polytypes are found, typically consisting of a
mixture of trigonal-prismatic and octahedral layers. Generally these
higher-temperature phases can be obtained at room temperature by rapid

quenching.

These basic trends are followed by NbSeZ and 'I‘aSez. Phase diagram

information for NbSe2 has been reported by several authors,?-19 who
generally agree as to the phases found, although the exact values for
the temperatures of the phase boundaries are only roughly in agreement.
The 1T phase is fcund above about 950°C (and for NbSe2 this phase cannot
be obtained at room temperature by quenching!®). Between 950°C and
about 8509C several 4H phases have been found; 4H(b), 4H(dI), and

4H(d The 2H(a) phase is stable below about 850°C, although the

II)'
4H(a) phase may also be found at the lowest temperatures if excess
selenium is present during the crystal growth process.?,8,10 Both the

2H(a) and the 4H(a) phases consist entirely of trigonal-prismatic

layers.1,2,3

The phase diagram for TaSe_, is quite similar, although not as

2
extensively investigated. Revelli?,® found the 1T polytype stable

above 800°C, the 4H(b) and 6R polytypes stable between 800°C and 880°C






